Abstract. Given the potential for β-cells to increase their mass, glucose intolerance might be ameliorated by a compensatory increase in β-cell mass. However, it remains uncertain whether such amelioration is feasible in vivo. In this study, we investigated glucose tolerance, islet morphology, and islet gene expression of Fatty Liver Shionogi (FLS) mice, a model for non-alcoholic fatty liver disease (NAFLD). Relative to control mice, FLS mice showed an age-dependent increase in glucose intolerance up to the age of 24 weeks, leading to the development of diabetes. After this time, glucose tolerance ameliorated spontaneously and diabetes resolved by 48 week of age, associated with marked hyperinsulinemia. Islets of the FLS mice demonstrated a marked increase in β-cell mass with an increase in β-cell numbers. Islet gene expression analysis in FLS mice demonstrated no changes in gene expression of glucokinase or insulin receptor substrate 2. These data demonstrated that the 24-week-old FLS mouse is a model for type 2 diabetes with NAFLD and that the 48-week-old FLS mouse exhibits spontaneous amelioration of type 2 diabetes associated with augmented β-cell number/mass. THE failure of pancreatic β-cells to produce sufficient insulin is pivotal to the development of type 2 diabetes mellitus. Total capacity of insulin secretion is largely dependent on the whole β-cell mass, which reflects the balance between β-cell increase and decrease [1] . Given the potential for β-cells to increase their mass, it is possible that glucose intolerance could be ameliorated. However, from a clinical perspective, after the development of the disease, insulin secretion generally declines [2] , and it is widely accepted that the type 2 diabetes mellitus state is permanent and progressive [3] . Recently, several lines of genetically engineered animal models of type 2 diabetes [4] [5] [6] [7] have demonstrated a possible compensatory augmentation in β-cell mass by suppression/activation of a specific biological pathway, suggesting the possible amelioration of type 2 diabetes. However, such spontaneous amelioration is not common, especially in humans. Therefore, an in vivo model of glucose intolerance amelioration without intervention is needed.
THE failure of pancreatic β-cells to produce sufficient insulin is pivotal to the development of type 2 diabetes mellitus. Total capacity of insulin secretion is largely dependent on the whole β-cell mass, which reflects the balance between β-cell increase and decrease [1] . Given the potential for β-cells to increase their mass, it is possible that glucose intolerance could be ameliorated. However, from a clinical perspective, after the development of the disease, insulin secretion generally declines [2] , and it is widely accepted that the type 2 diabetes mellitus state is permanent and progressive [3] .
Recently, several lines of genetically engineered animal models of type 2 diabetes [4] [5] [6] [7] have demonstrated a possible compensatory augmentation in β-cell mass by suppression/activation of a specific biological pathway, suggesting the possible amelioration of type 2 diabetes. However, such spontaneous amelioration is not common, especially in humans. Therefore, an in vivo model of glucose intolerance amelioration without intervention is needed.
Fatty Liver Shionogi (FLS) mice [8] are an inbred line established as a model for spontaneous severe non-alcoholic fatty liver disease (NAFLD) [9] . Since the NAFLD is strongly associated with insulin resistance as well as with diabetes mellitus [10] , FLS mice may exhibit abnormal glucose tolerance.
In this study, we investigated glucose tolerance of FLS mice longitudinally and assessed any associated changes in β-cell mass. To evaluate mechanisms of compensatory increases in β-cell mass, we studied islet expression of two genes known to be involved in islet hypertrophy.
Materials and Methods
Animals FLS mice were obtained from Aburahi Laboratories, Shionogi, Inc. (Shiga, Japan). C57BL/6 mice were purchased from Charles River, Inc. (Japan). Both strains of mice were maintained in the animal facilities of Osaka University Medical School in an air-conditioned room (22-25°C) with a 12-h light/dark cycle and were given free access to food (standard chow) and water, according to the Osaka University Medical School Guidelines for the Care and Use of Laboratory Animals.
Phenotype determination
Plasma lipoprotein levels were analyzed by a dual enzymatic method for simultaneous quantification of cholesterol and triglycerides by high-performance liquid chromatography at Skylight Biotech (Akita, Japan), according to the procedure described by Okazaki et al. [11] . Blood glucose level (mg/dl) was measured by the glucose oxidase method using Glutest E (Kyoto Daiichi Kagaku, Kyoto, Japan). Glucose tolerance analysis was performed by intraperitoneal glucose tolerance test (ipGTT; 2 g glucose/kg body wt) after overnight fasting at 8, 16, 24, 32, 40, and 48 weeks of age. Blood glucose concentrations were measured at fasting (0 min), and 30, 60, 90, and 120 min post glucose load. Diabetes was diagnosed if the glucose level exceeded 200 mg/dl at 120 min after the glucose load. To assess the insulin secretion in response to glucose, plasma insulin concentrations were measured at fasting and at 15 and 30 minutes after intraperitoneal glucose administration (2 g/kg body wt) at 24 and 48 weeks of age. Plasma insulin concentration was measured using an insulin enzyme-linked immunosorbent assay kit (Morinaga Seikagaku, Yokohama, Japan). To assess insulin resistance, the homeostasis model assessment ratio (HOMA-R) was calculated by the following equation: HOMA-R = Fasting glucose (mg/dl) × Fasting insulin (pg/ml)/405. BMI was calculated as body weight (g) divided by the square of anal-nasal distance (cm). All animals were killed under anaesthesia by intraperitoneal administration of pentobarbital at 24 and 48 weeks of age.
Histological examination of pancreas
Paraffin sections of the pancreas were stained with hematoxylin/eosin by the standard method. Five pancreatic sections from each animal were analyzed. Quantification of islet mass for each sample was performed using a BZ-Analyzer (Keyence, Osaka, Japan). Numbers of islets per one section, numbers of β-cells per one islet, and fractional β-cell area of the pancreas was calculated using the BZ-Analyzer. The cell size was calculated by dividing the β-cell area by the number of β-cell nuclei.
mRNA expression analysis
Pancreatic islets were isolated from four or five male 32-week-old FLS or C57BL/6 mice per experiment by a collagenase digestion method [12] . Total RNA was extracted from frozen islets using the QIAGEN microRNeasy Mini Kit and cDNA was synthesized using ReverTra Ace α (TOYOBO, Tokyo, Japan). Quantitative RT-PCR was performed using Taqman-PCR method (ABI). We evaluated expression of the following two genes; Gck for glucokinase and Irs2 for insulin receptor substrate 2; these molecules have been implicated in β-cell expansion [13] . ABI inventoried TaqMan ® gene expression assays are as follows: Gene name/ABI ID: Gck/Mm00439129_ m1; Irs2/Mm03038438_m1. The PCR reactions for TaqMan ® gene expression assays contained 1.0 μl cDNA, 10 μl Master Mix, and 1.0 μl primer probe mixture, made up to a final volume of 20 μl with sterile water. All experiments were performed in duplicate using an ABI 7900 HT Fast real-time PCR System (Applied Biosystems, Darmstadt, Germany). The real-time RT-PCR protocol was as follows: Denaturation by a hot start at 95°C for 10 min, followed by 40 cycles of the two-step program: denaturation at 95°C for 15 sec and annealing/extension at 60°C for 1 min. Gene expression (E) was normalized to Actb expression (ABI ID; Mm00607939_s1).
Statistical analysis
All results are expressed as the mean ± standard error. Phenotypic data were analyzed either by Student's t test or one-way analysis of variance with post hoc analysis using Scheme's F test. Differences with p<0.05 were regarded as significant. All statistical analyses were performed using StatView version 5.0 software (SAS Institute, Cary, NC).
Results

Physiologic and biochemical characteristics
There were no differences in food or water intake or BMI between the FLS and C57BL/6 mice at 32 weeks of age (Table 1) . Neither was there any difference in subcutaneous fat weight between the two lines. However, body and liver weights of the FLS mice were significantly greater than those of the C57BL/6 mice (p = 0.002 and p<0.0001, respectively). Serum total cholesterol and triglyceride levels were significantly higher in the FLS mice than the C57BL/6 mice (p<0.01 and p<0.05, respectively). As the liver function may influence glucose tolerance, we investigated transaminase levels. At 24 weeks of age, the serum alanine aminotransferase level (39.6 ± 9.7 vs. 20 ± 4.3 IU/L, respectively; p = 0.03) and the aspartate aminotransferase level (175.3 ± 15.9 vs. 94.3 ± 11.5 IU/L, respectively; p = 0.002), of the FLS mice were significantly higher than that of control mice. At 48 weeks of age, the serum alanine aminotransferase level (24.8 ± 13.0 vs. 3.3 ± 1.4 IU/L, respectively; p<0.001), but not the aspartate aminotransferase level (p = 0.06), of the FLS mice was significantly higher than that of control mice (Table 1) .
Glucose tolerance
Glucose tolerance was assessed longitudinally by ipGTT. From 8 through 24 weeks of age, the glucose tolerance of the FLS mice became progressively impaired (Fig. 1) . In FLS mice, the glucose level at 120 min exceeded 200 mg/dl at the age of 16 weeks and peaked at 290 mg/dl at the age of 24 weeks. Interestingly, the glucose levels of the FLS mice decreased with age beginning at 24 weeks to 48 weeks of age. At 48 weeks of age, the 120-min glucose level was below 200 mg/dl, indicating that the glucose tolerance of the FLS mice ameliorated spontaneously.
Insulin secretion and resistance
At 24 weeks of age, the serum insulin level in the FLS mice was significantly higher at baseline (p<0.001), at 15 min (p<0.001), and 30 min (p<0.001) post glucose load than in control mice (Fig. 2) . At the age of 48 weeks, the insulin levels of FLS mice were much higher than those of the control mice (p<0.001 at baseline, p<0.05 at 15 min, p<0.05 at 30 min). Furthermore, the baseline insulin level at 48 weeks of age of FLS mice was much higher than that at 24 weeks of age of FLS mice (p<0.001) (Fig. 2) . The HOMA-R of the FLS mice was significantly higher than that of the C57BL/6 mice at 24 and 48 weeks of age (p<0.001 and p<0.005, respectively) (Fig. 3) . The HOMA-R of the FLS mice at 48 weeks was much higher than that of FLS mice at 24 weeks of age, indicating an age-dependent deterioration in insulin sensitivity. 
Islet morphology
In control mice, there were no differences in the islet size and the number of β-cells at 24 weeks and 48 weeks of age (Fig. 4) . In contrast, islet size and the number of β-cells in FLS mice were markedly greater at 48 weeks than at 24 weeks of age. At 48 weeks of age, islet size, islet number, and relative islet area (islet area/whole pancreas area), but not the size of the β-cells, of the FLS mice were significantly greater than those of the C57BL/6 mice (Fig. 5) , suggesting that islet augmentation was due to an increase in number of β-cells as opposed to β-cell hypertrophy.
Islet gene expression analysis
To investigate the mechanism of β-cell mass augmentation in FLS mice, we examined islet expression of two genes reportedly required for β-cell hyperplasia. There were no differences in the expression of Irs2 and Gck between FLS and control mice (Fig. 6 ).
Discussion
We found that glucose tolerance of FLS mice deteriorated continuously up to 24 weeks of age, after which time glucose tolerance ameliorated spontaneously. By 48 weeks of age, the glucose intolerance of these mice improved with hyperinsulinemia. Morphological analysis of the pancreas revealed marked augmentation of the β-cell mass with an increase in β-cell number in FLS mice. Thus, the 48-week-old FLS mouse is a model for spontaneous amelioration of type 2 diabetes by compensatory augmentation of β-cell number/ mass. There is a growing interest in the relationship between NAFLD and type 2 diabetes. In our study, glucose tolerance of FLS mice at 16 weeks of age was impaired and the mice developed diabetes mellitus (Fig. 1) . Furthermore, the FLS mice had insulin resistance at 24 weeks of age. These data indicate that the 24-week-old FLS mouse is an inbred model for the spontaneous development of type 2 diabetes with insulin resistance and NAFLD.
One of the important findings of this study is that in the absence of any specific intervention, the glucose tolerance of FLS mice improved after 24 weeks of age (Fig. 1) . These mice did display marked hyperinsulinemia (Fig. 2) and an augmented β-cell number/ mass (Fig. 4) . Thus, the 48-week-old FLS mouse is an in vivo model for spontaneous amelioration of type 2 diabetes mellitus. The most important point in FLS mice is the time lag in the occurrence between insulin resistance and compensatory beta cell hyperplasia. In humans, it has been questioned whether β-cell dysfunction is reversible, as clinical lines of evidence support a continuous decline in acquired β-cell function and/or decreased β-cell mass [2, 14] . However, as shown in our study, spontaneous amelioration of diabetes is feasible in a mouse model, pointing to the possible amelioration of type 2 diabetes in a subset of patients. A key to the amelioration is the β-cell capacity for compensatory mass augmentation (β-cell factor) and the conditions permitting this augmentation (non-β-cell factors). It is also possible that improved insulin secretion in response to glucose is responsible for the spontaneous amelioration of diabetes in this model. To clarify this possibility, static incubation study with FLS islets is warranted.
The liver-specific insulin receptor knockout (LIRKO) mouse was reported to have elevated serum glucose at 24 weeks of age, but the glucose level decreased at 48 weeks, with islet hyperplasia at 10 months of age [7] . The time course of alterations in glucose metabo- lism of the LIRKO mouse resembles that of the FLS mouse. The common phenotypes between the two models are mild hyperglycemia with hyperinsulinemia and hepatic resistance to insulin. Because glucose itself is known to mediate the adaptive increase in β-cell mass to metabolic demands [15, 16] , mild to moderate hyperglycaemia after 16 weeks of age in the FLS mouse would have contributed to the adaptive β-cell mass augmentation as a non-β-cell factor. Several genetically-engineered mouse models have indicated the importance of insulin signalling within β-cells [7] in the control of β-cell mass, especially insulin receptor substrate 2 [13] . We found that Irs2 expression was no higher in FLS islets than in control islets (Fig. 6) . However, the excessive serum insulin level of the FLS mouse (5.4-fold greater than in control mice) indicates extremely abundant insulin within the islets, the sole source of insulin. Thus, it is likely that the excess insulin within the islets would stimulate insulin signalling in β-cells in an autocrine/paracrine manner, thereby contributing to the observed compensatory augmentation of β-cell mass. Thus, a sufficient amount of insulin outside the β-cells (a non-β-cell factor) and non-impaired insulin signalling within the β-cells (a β-cell factor) are required for β-cell augmentation.
Glucokinase acts as a sensor of the glucose level of β-cells and was shown to be required for β-cell hyperplasia in response to insulin resistance [13] . In the present study, islet expression of Gck was not increased in FLS mice, indicating that alternate signalling pathways (β-cell factors) are involved in islet expansion. Therefore, FLS islets represent a unique source for identifying a β-cell factor necessary for sufficient augmentation of β-cell mass.
As shown in the Fig. 1 , the glucose levels at 30 min during ipGTT were similar between the FLS mice and the C57BL/6, at various weeks of age. We interpreted this observation to mean that the absorption of intraperitoneally-administered glucose to serum is greater than the clearance of the glucose, both in FLS and the C57BL/6 mice, resulting in the similar glucose levels at 30 min during ipGTT. In contrast, glucose levels before a glucose load showed a significant difference from 16 weeks through 48 weeks of age. For example, at 24 weeks of age, the fasting glucose level of the FLS mice was significantly higher than that of control (108 ± 19 vs. 78 ± 12 mg/dl, p<0.001).
To further assess the underlying mechanism for the beta cell mass augmentation in this model, further analysis of proliferation (e.g. BrdU, Ki67) and apoptosis (Tunnel, FasL) of beta cells as well as of the expression levels of cell cycle regulators, such as p27Kip1 or Menin, will be required. It is also possible that the spontaneous amelioration of diabetes in this model would involve changes in glucagon secretion as well as in alpha-cell mass, reported to affect glucose tolerance [17] . Future analyses of the glucagon levels and alpha-cell mass of the FLS mice are required to assess this possibility.
In summary, our results indicate that the 24-weekold FLS mouse is a model for type 2 diabetes with NAFLD and that the 48-week-old FLS mouse exhibits spontaneous amelioration of type 2 diabetes associated with augmented β-cell number/mass. This model is useful to clarify the biological relationship between NAFLD and diabetes as well as the factors responsible for insufficient augmentation of β-cell mass in diabetes.
